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The eggs of Hydatina senta are very favorable for experiments 
with the centrifugal machine. The adult females which contain 
eggs in stages up to and including the first maturation spindle 
may be centrifuged at the rate of twenty thousand revolutions in 
two to three minutes without any apparent injury. The animal 
is so transparent that the eggs can be seen immediately after cen- 
trifuging and their condition recorded. The materials in the egg 
are separated into three distinct zones, a pink zone, a middle clear 
zone and a gray zone. This strat fied material only becomes 
partly redistributed in the egg before cleavage and sometimes 
scarcely any redistribution takes place. After the egg is laid 
the polar body is formed and the first cleavage appears in thirty- 
five 10 forty-five minutes. The eggs develop within forty-eight 
to seventy-two hours and produce in most cases normal embryos. 
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The following experiments and observations were made at 
the suggestion and under the supervision of Prof. T. H. Mor- 
gan. 
I1 RELATION OF T H E  FIRST CLEAVAGE PLANE TO T H E  STRATIFI- 
CATION OF T H E  MATERIAL OF EGGS CENTRIFUGED W H E N  T H E  
GERMINAL VESICLE IS INTACT 
If several hundred animals are centrifuged at the same time 
and are examined immediately many can be seen to containeggs, 
the contents of which are sharply differentiated into three zones. 
As the animals are thrown down during the centrifuging process 
in any position the stratification of the eggs may lie in any relation 
to the median longitudinal axis of the female. The pink zone 
may be toward the head or foot of the animal, toward the side 
next the stomach or on the opposite side, or in any other inter- 
mediate position. The gray zone is always on the opposite side 
of the egg from the pink zone and the middle zone between the 
two. The germinal vesicle is found at the junction of the clear 
middle and pink zones and can be easily recognized owing to its 
large size (Fig. I).  
From the various lots of females, centrifuged twenty thousand 
revolutions, eight were selected containing the pink zone toward 
the head of the animal and the gray zone toward the foot. The 
germinal vesicle was plainly visible near the line between the clear 
middle and pink zones. 
Each of these eggs was carefully watched while it remained in 
the oviduct of the female as well as after it was laid. In every 
egg the first cleavage appeared at that end of the egg which con- 
tained the pink pigment. The first division was unequal as it is 
in the normal egg. In some cases all the pink zone was cut off 
in the smaller cell while in other cases only a part of it was included 
in this cell. The gray zone was always included in the larger 
cell. 
Six other females which had the pink zone of the egg toward 
the foot of the animal and the gray zone toward the head were 
isolated and the further history of each egg was carefully followed. 
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The first cleavage in all these eggs appeared in the end which 
contained the pink material. 
It is hardly possible that in these fourteen eggs the pink material 
and the germinal vesicle were driven in each case to the animal 
pole. If this assumption is correct these two lots of eggs indicate 
that the position of the first cleavage is determined by the induced 
position of the germinal vesicle at either end of the egg. When, 
however, the germinal vesicle is carried to the side of the egg 
with the pink material, that is, when it comes to lie midway 
between the two ends of the egg, it moves later toward one of 
the ends of the egg since the first cleavage in such cases is at one 
end. 
I11 RELATION OF T H E  FIRST CLEAVAGE PLANE TO T H E  STRATIFI- 
CATION OF T H E  MATERIAL OF EGGS CENTRIFUGED W H E N  T H E  
MATURATION SPINDLE IS PRESENT 
Some of the centrifuged females were found containing eggs 
stratified into the three characteristic zones but showing the 
maturation spindle apparently at  the side of the egg, where it 
normally forms, in the clear middle zone (Fig. 2). 
In  cases where the pink zone was in the end of the egg toward 
the head of the animal the first cleavage sometimes appeared in 
that end of the egg and cut off the pink zone in the small cell. 
At other times it appeared at the opposite end of the egg and 
included the gray zone in the small cell. In other cases where the 
gray zone was in the end of the egg toward the head of the animal 
the first cleavage sometimes appeared in that end but at other times 
it appeared in the opposite end of the egg. When the eggs were 
centrifuged so that the stratification was from side to side, instead 
of from end to end the first cleavage usually cut off a part of each 
of the three zones in each cell. 
Apparently the first cleavage appeared at that end of the egg 
nearest to the maturation spindle irrespective of the stratified 
zones of the egg. 
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IV CONDITION OF THE YOUNG ANIMALS WHICH DEVELOPED 
FROM CENTRIFUGED EGGS 
If the materials of the egg which are differentiated into zones 
by the centrifugal force are important formative substances their 
displacement and their different location in the first cleavage stage 
ought to cause abnorma’lities in the embryos and in the mature 
animals which develop from such eggs. 
The following experiments which are only a few of those carried 
out will serve to indicate to what extent the embryos form centri- 
fuged eggs were affected by the displacement of the materials. 
January 11 ,  1908, at 8:30 p.m., many females 
were centrifuged about twenty thousand revolutions and then 
placed in a watch glass containing tap-water and allowed to lay 
their eggs. 
January 13, at 9:30 a.m., there were in the dish thirty-two 
apparently normal young females, three winter eggs and two dead 
part he nogene tic eggs. 
January 2 1 ,  at 10 p.m., two hun- 
dred and eighty eggs that had been laid by females which had not 
been centrifuged were isolated in a watch glass containing tap- 
water. 
January 22, at 8 p-m., two hundred and forty normal young 
animals were removed from the dish. 
January 23, at 1 1  a.m., six normal young removed and of the 
thirty-four unhatched eggs which remained thirty-one were winter 
eggs and three were dead parthenogenetic eggs. 
. Experiment X I .  March 14, 7 :45 p.m., several hundred females 
were taken from the culture jar and placed in a watch glass con- 
taining tap-water. No eggs had been laid by 8 p.m. These 
animals furnished material for the following experiments. 
Lot A .  At 8 3 5  p.m., twenty-five eggs which had been laid 
since 8 p.m., were isolated and centrifuged twenty thousand 
revolutions. 
March 15, .at 12:40 p.m., sixteen young normal females were 
taken out of the dish and nine unhatchedeggs remained. At 9 p.m. 
the nine eggs were still unhatched. March 16, at 10 a.m., two of 
Experiment I .  
At 10 p.m., thirty-seven eggs were isolated. 
Experiment Y (Control). 
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the eggs had hatched. Of the seven remaining eggs one was a 
winter egg, three were dead parthenogenetic eggs and the other 
three contained living embryos which were apparently unable to 
break through the egg envelope. 
March 14, at  8:qo p.m., twenty eggs were isolated and 
allowed to remain undisturbed. At 9:10 pm., these eggs were 
centrifuged in the same way and treated as Lot A. March 15, 
at  1:30 p. m., seventeen young normal females were in the dish 
and three unhatched eggs which contained living embryos. At 
9 pm., two o f .  these eggs had produced normal females but the 
other was still unhatched. 
March 14, at 8:45 p.m., thirty eggs were isolated and 
allowed to remain undisturbed. At 9:45 p.m., these eggs, in 
some of which the first cleavage and in others the second and 
third cleavage had appeared, were centrifuged and treated as 
Lot A. 
March 15, at 1:40 p.m., fourteen normal young females were 
removed from the dish and sixteen unhatched eggs remained 
At 9 p.m., seven other normal young females were removed. 
March 16, at 10 a .m,  two other normal young females were 
removed. One was a winter egg, two were 
dead parthenogenetic eggs and four contained living embryos. 
Lot D (Control). March 14, at 10:30 pm., thirty-three eggs 
were isolated. 
March 15, at 12:30 pm., thirteen normal young females and 
two normal young males were removed from the dish. At 9 p.m., 
seventeen other normal young females and one normal young 
male were remov d. 
In Experiment I the eggs were centrifuged when they contained 
the germinal vesicle or else the maturation spindle. In Experi- 
ment XI, Lot A, they were centrifuged in the stage when the polar 
body is forming or just after it was formed. In Lot B the eggs 
we e centrifuged just before the first cleavage and in Lot C dur- 
ing and after the first cleavage. 
In some of these experiments the young animals which de- 
veloped from the centrifuged eggs seem to die sooner if not fed 
than do the animals developing from normal eggs. Also there 
Lot B. 
Lot C. 
Seven eggs remained. 
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are more cases of the embryos unable to get out of the egg after 
they are fully formed. They can be seen writhing and twisting 
inside the egg and sometimes lived there as long as seven days. 
These cases of abnormalities were due perhaps to the food 
material in the'egg being displaced and therefore unable to nourish 
certain muscles which are well supplied with food material in the 
normal embryo. Consequently the young animal was weaker 
in certain parts of its body. 
In a few cases the eggs began to develop but apparently soon 
ceased and never produced embryos which showed any ciliary 
movement. In normal embryos the ciliary movement around 
the head can be seen several hours before hatching. Whether 
the early death of such eggs is due to abnormal cleavage, mis- 
placed egg substance, or misplaced chromosomes in division is 
not clear. 
It is nevertheless apparent from these experiments that a very 
high percentage of normal young animals develop from eggs 
that have been centrifuged in the various stages of their early 
development. 
V THE PROPORTION OF MALE AND FEMALE PRODUCING FEMALES 
IN THE FIRST, SECOND AND THIRD GENERATIONS AFTER 
CENTRIFUGING 
If the dislocation of the egg substances has any influence on 
sex it should become evident by following the history of individual 
eggs in which the zones of stratification are differently arranged 
in their relation to the first cleavage plane. 
The following data give the result of experiments carried out 
to examine the question. 
Experiment X X X I .  March 5, at 2x5 p.m., a female contain- 
ing a large egg was centrifuged twenty thousand revolutions. 
At 3:1o p.m., the egg had been laid and was in the first cleavage 
stage. The pink zone was entirely included in the sma ler cell 
(Fig. 3). 
On March 6, at 11 a.m., a normal young female was swimming 
about in the dish. Food was then-addea. She produced e g 6  
Effect of a Centrifugal Force upon Development and Sex 13 I 
and on March 8, at 10 a.m., four young daughter-females were 
present in the dish. This female produced twenty-nine eggs 
which developed into females. Two of these daughter-females 
matured and produced males and twenty-seven matured and 
produced females. 
The conditions, size of egg, and the 
arrangement of egg material in the first cleavage were approxi- 
mately the same as in Experiment XXXI. A normal young 
female developed from the egg, matured and produced males. 
March 5, at 2:15 p.m., a female con- 
taining a large egg was centrifuged. At 4:30 p.m., the egg that 
had been laid was in the first cleavage stage. The small cell 
included portions of the pink and clear zones, Fig. 4. 
O n  March 6, at 1 1  a.m., a normal young female was swim- 
ming about in the dish. Food was added. This female grew to 
maturity and produced twenty-five eggs, all of which developed 
into females. One of these daughter-females matured and pro- 
duced males and twenty-four matured and produced females. 
The conditions, size of egg, and the ar- 
rangement of the egg material in the first cleavage were approxi- 
mately the same as in Experiment XXXVII. A normal young 
female developed from the egg, matured and produced twenty- 
five eggs, all of which developed into female-laying females. In 
later generations males appeared. 
ExperimentXXXII. March 5, at 2:15 p.m., a female containing 
a large egg was centrifuged. At 3:30 p.m., an egg had been laid 
and was in the first cleavage stage. The small cell included por- 
tions of the three zones (Fig. 5). 
On March 6, at 9 a.m., a normal young female was present in 
the dish. Food was added. This female matured and produced 
only three eggs. One of these eggs developed into a male-laying 
female and the other two developed into female-laying females. 
This small production of eggs was due to the scanty amount of 
food given to the female. 
Experiment L. March 10, I p.m., a female containing a large 
egg was centrifuged. At 3 p.m., the egg had been laid and was 
in the first cleavage stage. The small cell contained about two- 
Experiment X X X I I I .  
Experiment X X X Y I I .  
Experiment XLIY. 
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thirds of the gray zone and a portion of the clear zone (Fig. 6). 
On  March 11,  at 11 a.m., a normal young female was swim- 
ming about in the dis'h. This female matured 
and produced fifteen eggs which developed into females. One 
of these daughter-females produced males and the other fourteen 
produced females. 
Experiment LY. The conditions, size of egg and the arrange- 
ment of the egg material in the first cleavage were approximately 
the same as in Experiment L. A normal young female developed 
from the egg, matured and produced fourteen eggs all of which 
developed into female-laying females. In later generations 
males appeared. 
Several small male eggs were centrifuged in the same manner 
as the large eggs. In some of these the first cleavage plane appeared 
so as to cut off all the pink zone in the small cell and in others it 
cut off some of each of the three zones. In both cases apparently 
normal males were produced. 
None of the females in the above experiments produced the 
normal number of eggs, which is forty to fifty, because of poor 
food conditions. 
In  former experiments it has been shown that the percentage 
of male-laying females in a family of daughter-females may vary 
from o to 50 per cent and also that the percentage of male-laying 
females in one generation is no indication what it may be in the 
next generation. 
In these experiments the appear- 
ance of male-laying females from the various forms of centri- 
fuged eggs does not seem to be markedly different from normal 
cases. In  the experiments where the daughter-females of a family 
were all female-laying females males always appeared in the 
later generations, thus showing that no pure female-laying female 
strains were produced. Moreover, large (female) eggs never 
produced male animals nor did small (male) eggs ever produce 
female animals. 
Food was added. 
Experiments X X X I  to LV. 
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GENERAL DISCUSSION 
Lyon has found in the eggs of the sea-urchin, Arbacia, that the 
first cleavage plane is always at  right angles to the plane of stratifi- 
cation of the egg material. 
Lillie has shown that the stratification, caused by centrifuged 
force, of the material in the egg of Chaetopterus plays no part in 
determining the position of the polar lobe. When the germinal 
vesicle is still intact the egg has a well defined polarity, that is, 
one end is the animal and the other end the vegetative pole. If 
the germinal vesicle is driven to the vegetative pole the polar 
spindle which develops from it always migrates to the animal 
pole and there forms the polar bodies. 
In  later work on sea-urchin’s eggs Morgan and Lyon show that, 
“while the cleavage conforms strictly to the induced stratification, 
the gastrulation does not conform to the symmetrical arrangement 
of the materials. The exceptional cases show that there is no 
necessary relation between stratification of the materials as such 
and the embryonic axes.” 
However, in the eggs of Cumingia Morgan has shown that the 
stratification of the egg material does not influence the position 
of the first cleavage plane. He says, “This difference is due to 
the shifting of the nucleus in the egg of the sea-urchin, while the 
spindle in Cumingia retains its original orientation.” 
It must be borne in mind that the above results were obtained 
from eggs centrifuged at different stages in their maturation. 
The eggs of Chaetopterus were centrifuged when in the germinal 
vesicle and maturation spindle stages, while the eggs of arbacia 
were centrifuged when in the female pronucleus stage. The eggs 
of Cumingia were also centrifuged when in the maturation spindle 
stage and those of Hydatina in the germinal vesicle stage as well 
as in the maturation spindle stage. 
When the eggs of these different animals are centrifuged in the 
maturation spindle stage the spindle is not usually moved from its 
original position and consequently the first cleavage take place 
precisely as it does in normal eggs. 
When the eggs of Chaetopterus and Hydatina are centrifuged 
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in the germinal vesicle stage the later histories of the germinal 
vesicles differ. In  the egg of Chaetopterus the maturation spindle 
which develops from the germinal vesicle, according to Lillie, 
migrates to the animal pole if it does not happen to be located at 
that pole, while in Hydatina the maturation spindle never migrates 
from the end of the egg into which the germinal vesicle is driven 
by the centrifugal force. In the egg of Arbacia the female pro- 
nucleus may be so oriented by centrifugal force that the direction 
of the first cleavage plane is due rather to its location and follows 
in consequence the stratification of the materials in the egg. 
None of the previous workers have reared the embryos from 
centrifuged eggs to maturity because the forms upon which they 
worked were not suitable for such experiments but Hydatina is an 
exceptionally favorable form for such work. 
Eggs were centrifuged in various stages of maturation so that 
the zones of egg materials were differently arranged in their relation 
to the first cleavage plane, thus making it possible that in some 
cases the pink material of the egg would be included in the cells 
that make up the anterior end of the embryo while the gray 
material would be included in the cells of the foot region or vice- 
versa. In  other cases the material would be more or less equally 
distributed in the anterior and posterior regions of the embryo. 
In no case was the sex of the eggs changed and such eggs pro- 
duced a very high percentage of normal young males and females. 
Furthermore the young females grew to adult animals and pro- 
duced normal offspring of which the sex ratio was apparently 
normal. 
It would, therefore, seem that the effect of centrifugal force 
upon the eggs of Hydatina senta is not sufficient to cause any 
noticeable change of structure or of sex in the animals that develop 
from them. 
VI  SUMMARY 
I When the unsegmented eggs of Hydatina senta are centri- 
fuged twenty thousand revolutions the materials in the eggs are 
stratified into a pink zone, a clear middle zone and a gray zone. 
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I f  eggs are centrifuged a short time before maturation when 
the nucleus is intact the nucleus is carried to the top of the clear 
zone against the bottom of the pink zone. 
Very little redistribution of the egg materials takes place 
before the first cleavage. In consequence the segmented egg retains 
the distribution of materials impressed on it by the centrifugal 
force. 
4 The first cleavage plane always appears at that end of the 
egg at which the pink zone and germinal vesicle are located. It 
forms across one end as in the normal egg separating a smaller 
and a larger cell. 
5 The egg centrifuged after the polar spindle has formed 
shows that the spindle does not move from its original position. 
Its location determines the position of the first cleavage plane in 
so far as this appears at the end of the egg nearest to where the 
spindle lies. 
6 Normal animals, both males and females, develop from 
centrifuged eggs and these have been reared to sexual maturity. 
7 The sex of animals developing from large (female) or small 
(male) eggs is not affected by the centrifugal force nor is the sex 
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DESCRIPTION OF PLATE 
Fig. I Section of a centrifuged egg, showing the three zones and the germinal vesicle located near 
the boundary of the pink and the clear zones. Gilson mercuro-nitric firing fluid and Heidenhain's iron 
hgmatoxylin stain. 
Fig. z Section of a centrifuged egg showing the three zones and the maturation spindle in the 
clear zones. Bouin's firing fluid andHeiden- 
hain's iron hzmatoxylin stain. 
Figs. 3 to 6 Free hand semi-diagrammatic drawings of living eggs in the first cleavage stage which 
were centrifuged .when in the oviducts of the females. The h e  stippling shows the position of the 
pink zone, the coarser stippling shows the position of the gray zone, and the clear space indicates the 
dear zone. 
Fig. 3 Experiment =-The pink zone included in the small cell and the gray and clear zones 
are in the larger cell. 
Fig. 4 Experiment XXXVII--About one-half of the pink zone and a portion of the clear zone 
included in the small ceh and the other part of the pink zone, all the gray zone, and a part of the clear 
zone are included in the larger cell. 
Yolk granules are lodged against the achromatic figure. 
Fig. 5 
Fig. 6 
Experiment XXXII-Portions of each of the three zones in each of the two cells. 
Experiment L-About two-thirds of the gray zone included in the small cell while the 
other third of the gray zone together with all of the pink zone and nearly all of the clear zone are included 
in the larger cell. 
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